INTrODUcTION
Transport integration can be defined as a set of transport modes operating together as one entity in order to minimize user travel costs (both monetary costs and travel times), operating costs (e.g. fuel/energy costs) and externalities (such as environmental impacts). Technologies, telecommunication systems and transport services among others are combined to achieve such goal. Integration is difficult to accomplish all at once, particularly when dealing with such complex systems as transport systems. a common strategy used is to adopt a step-by-step procedure linking two or more components of the whole system to achieve ad hoc consecutive objectives and finally the full integration of all the components.
as for air transport, an important type of integration, which has not received great attention so far, is between handling vehicles and aircraft, which could minimize operating costs and environmental impacts. Particularly, handling vehicles acting as conventional pushback tractors can guarantee transport continuity -from apron to runways -by reducing the environmental impacts produced by aircraft during taxiing.
To give a short overview of the problem, airports are local sources of environmental effects in terms of both greenhouse gas (gHg) emissions and noise (graham [1] ; yu et al. [2] ; Schürmann et al. [3] ; Unal et al. [4] ; lu & morrell [5] ). The environmental impacts of an airport in terms of gHg emissions are due to the different sources of emissions from air and land, by considering passengers and movements as relevant transport factors (miyoshi & mason [6] ; Postorino & mantecchini [7] ). Particularly, the airside area is assigned to aircraft movements and handling operations, for both passengers and freight. as for movements, aircrafts produce environmental impacts directly -due to landing, take-off and taxiing -and indirectly -due to pushback activities and handling vehicles that manage aircraft refuelling, cleaning, passenger and freight boarding/disembarking.
as for aircraft direct impacts, airport operators and analysts refer mainly to aircraft taxiing procedures during the landing and take-off cycle (lTO) (IcaO [8] ; mazaheri et al. [9] ). The lTO cycle starts/ends at an altitude of 3,000 ft (about 1,000 m) and includes all the phases taking place below such altitudes, i.e. taxi-in and out, take-off, climb-out and approach-landing. Then, a standard lTO cycle starts when the aircraft approaches the airport, lands (30% of total thrust) and moves towards the gate/apron along the taxiway(s) (7% of total thrust) and continues when the aircraft taxis back out to the runway (7% of total thrust) for takeoff (100% of total thrust) (IcaO [8] ; IPcc [10] ). generally, taxiing requires the use of the main aircraft engines, working at low speed and efficiency and generating carbon dioxide emissions as well as additional fuel consumption. research and industry have focused on taxiing efficiency due to the fact that a narrow body aircraft as the a320 (airbus industry, www.airbus.com) spends on average more than 15% of its flight time in taxiing, consuming between 5% and 10% of the total fuel in such operations (Nicolas [11] ). Some other studies have assumed different taxiing procedures (ground idle at 4% thrust, constant speed taxiing at 5%, breakaway at 9%, turns at 7%), while between 7% and 30% thrust the IcaO fuel indexes (IcaO [12] ) have been computed by a proper function (Nikoleris et al. [13] ). Other studies highlight the role of acceleration and deceleration frequency and rate during taxiing (Khadilkar & balakrishnan [14] ).
Fuel cost represents about 30% of the airline industry operating budget (guo et al. [15] ). a better integration of taxiing with the other parts of the lTO cycle could improve the system efficiency by reducing the transport costs for airlines -both time and fuel costs -and the environmental impacts for airports (Heinrich et al. [16] ). Spurred by technological development, the use of eco-friendly aircraft ground Propulsion Systems (agPSs) to perform taxi-out procedures has become an attractive perspective to improve effectiveness and environmental efficiency of aircraft taxiing operations.
This study focuses on the analysis of taxi-out procedures, their emissions and the actions that could be implemented to mitigate environmental impacts. Particularly, the opportunity to transfer an aircraft from aprons to runways by using a semi-robotic vehicle -Taxibot, developed by Israel aerospace Industries in cooperation with lufthansa leOS (www.lufthansa-leos.com/), TlD (www.tld-group.com/) and airbus and boeing -has been studied and quantified both in environmental and operational terms. The Taxibot, whose towing speed is consistent with that required during taxiing, allows a direct pilot control during taxi-out by using the installed cockpit commands. The use of the Taxibot in a medium size airport in Northern Italy has been simulated to verify the results in terms of environmental impacts. The cost savings for airlines have also been considered.
aIrcraFT TaXI-OUT PrOceDUreS
The aircraft taxi-out movement starts when the aircraft disconnects the terminal ground equipment. Then, a towing tug leads the aircraft from the apron gate to the assigned taxiway (Fig. 1) . The aircraft main engines are turned on only when a safe distance from the gate areas is reached. at the end of the pushback, the towing tug disconnects (detachment point) and the aircraft moves towards the runway head. During this step, the main engines operate at low speeds with a 7% thrust (IcaO [8] ), which provides a minimum of 30 knots speed. The required taxi-out time depends on the distance between the standpoint in the apron area and the runway head, therefore on the airport configuration.
To support taxiing operations, an agPS must guarantee several functions:
• ensure satisfactory acceleration and deceleration during pushback operations;
• Drive the aircraft along the taxiways at the required speed;
• ensure reliability and security of the taxi-out procedure.
Due to security reasons, pilots directly control direction and speed of the aircraft while the airport ground movement control System coordinates aircraft on the airport movement areas to ensure efficient and safe ground movements, including taxiing operations.
Different solutions have been developed to improve the integration between aircraft and agPS technologies during taxi-out. Some of these involve mechanical aspects as on-board agPSs, which use a separate engine generating the required power to perform the taxi-out procedure. On-board agPSs could have a significant impact on aircraft weight, leading to an increase of the required wheel pressure and then increased friction during the movement. The Wheel Tug system [17] and the electric green Taxiing System [18] are some on-board agPS examples. a different approach, generally adopted by airlines, is the use of a single-engine device for taxiing operations. Despite the environmental benefits, some problems highlighted by airbus (Nicolas [11] ) make the procedure unsuitable in case of both slippery surfaces and high loads requiring greater power.
another recently developed agPS technology -known as dispatch towing -uses an external power unit towing the aircraft for the whole length of the taxi lane (re [19] ). This agPS is connected with the aircraft front wheel similarly to the conventional airport pushback tugs. Worldwide there are two different technologies of towing tugs: towbar tractors and towbarless tractors. The towbar tractor uses a bar that provides a mechanical, direct connection between the tractor and the aircraft. This technology allows towing airplanes at low speeds and is suitable mainly for short paths -for example to move aircraft from hangar to stand areas. Towbarless tractors use a pick-up device to accommodate and block the nose gear tyre of the aircraft. guidance of the tug wheels is controlled by a steering system, which is directly regulated by the pilot. No towbar is required, thus allowing higher speeds as well as safer and financially efficient movements of aircraft on the ground. Then, handling operations such as aircraft movements, pushbacks, gate-to-gate towing are faster than the ones realized by using conventional towbar tractors, thus reducing airport impacts and improving efficiency.
among towbarless tractors, the Taxibot (Taxiing robot) is a semi-automatic vehicle developed by Israel aerospace Industries in cooperation with lufthansa leOS, TlD, airbus and boeing (Fig. 2) . In October 2014, the Taxibot received the official certification for boeing 737 dispatch towing by the european aviation Safety agency (eaSa) and by the Israel civil aviation authority (caaI).
The Taxibot technology allows a direct pilot control during taxi-out, by using the installed cockpit command interface. The tractor is equipped with a special system specifically designed to attach the nose gear tyre of the aircraft and lock it up in position (Fig. 3 ). as for the Taxibot guidance system, when the pilot releases the brake the Taxibot moves and accelerates until it reaches the maximum allowed speed according to the taxiway specific limits.
3 TaXIbOT TaXI-OUT PrOceDUre SImUlaTION Potential benefits of towbarless tractors -reduced environmental impacts and improved financial efficiency -have been briefly described in the previous section. To quantify the potential positive effects of the towbarless Taxibot, two scenarios have been considered here, before and after the introduction of this tractor in a medium size airport. To compare these two scenarios, the main emission sources during taxi-out operations and the related cO 2 amount have to be identified and estimated. Particularly, aircraft engines and tugs are the reference taxi-out emission sources.
The emissions and Dispersion modelling System (eDmS) is widely used to compute the emissions produced by aircraft engines during taxi-out procedures. eDmS is based on a simulation software developed by the Federal aviation administration (Faa) in 1998, which allows assessing the airport air quality by considering the activities related to aircraft movements in the airside area. eDmS uses the eUrOcONTrOl base of aircraft Data (baDa, http://www.eurocontrol.int/services/bada) and the IcaO engine exhaust emissions databank to compute aircraft emissions.
The following sections describe the main operating characteristics of the two scenarios and the general framework adopted to compute the environmental impacts.
current scenario: aircraft and pushback vehicle emissions
The conventional taxi-out procedure (Fig. 4) generally includes three steps:
1. Pushback: a tug vehicle pushes the aircraft back from its stand up to the detachment point. When the safe distance from the stand has been reached, the main aircraft engines are turned on to ensure the right warm-up time; 2. Tug detachment; 3. autonomous taxi-out: the aircraft takes the taxiway and runs up to the runway head.
In Fig. 4 , the auxiliary Power Unit (aPU) device -providing energy for functions other than propulsion -is always working to ensure the operation of internal aircraft systems.
eDmS divides the lTO cycle into different phases and calculates the emission contributions for each of them. Figure 5 depicts the operative framework and the phases that characterize the current scenario. cO 2 as for pushback vehicle emissions, the fuel consumption generated by the current towbar tractor has been estimated by referring to the adopted conventional taxi-out procedure. It has been obtained through several steps (Fig. 6 ) that include the analysis of the engine characteristics of the pushback tugs operating at the airport. by using suitable emission factors, e (US environmental Protection agency [20] ), and specific consumption factors, f, to compute the fuel burned by pushback tugs during taxi-out, the expected emission values E during taxi-out operations are defined as
3.2 Taxibot scenario: aircraft and pushback vehicle emissions
The use of the Taxibot in the simulated scenario modifies the conventional procedure as follows ( Fig. 7 ):
1. Pushback: the Taxibot pushes the aircraft back from its stand; 2. Towing taxi-out: the aircraft runs towed by the Taxibot up to the detachment point. To ensure the correct warm-up time, engine ignition occurs a few minutes before the detachment point (warm-up must be correctly estimated); 3. Taxibot detachment; 4. autonomous taxi-out: the aircraft drives autonomously the last taxiway part up to the runway head.
as Figs. 4 and 7 show, aPU is required during the whole taxi-out in both scenarios, to ensure the function of internal aircraft systems. The critical aspect of this alternative procedure depends on the detachment area, which must be located as close as possible to a return path accessible by the Taxibot and to a safety area easily accessible by rescue teams. Figure 8 represents the variables that have to be computed:
• Self-performed taxi-out time T Ai : corresponding to the time needed by the aircraft to cover the last taxiway part autonomously. This phase starts when the Taxibot detaches and ends at the runway head when the aircraft performs the taxiing by using the main engines and simultaneously the Taxibot comes back to the apron area, ready for the next operation;
• Warm-up time for each aircraft movement T W (estimated or measured);
• Number of movements N Ai . The average taxi-out time with 'engines on', which considers the contributions of both selfperformed taxi-out time and warm-up time, is obtained as Figure 9 shows the operative framework to estimate pushback emissions in the Taxibot scenario. Particularly, some variables have to be specified:
• Distance between the apron area and the detachment point, to evaluate the cO 2 emissions produced by the Taxibot that comes back to the apron area for the next operation.
• Operating time for the Taxibot for each taxi-out operation. T' Ai is the 'current' taxi-out time, without the Taxibot; T Ai is the self-performed taxi-out time in the Taxibot scenario; and T' Ai −T Ai is the taxi-time by using the Taxibot.
as previously described for the conventional taxi-out procedure, the expected emission values during taxi-out operations can be estimated as
where e' and f' are the specific emission and consumption factors for the Taxibot, respectively. 4 TeST caSe -bOlOgNa aIrPOrT as described in the introduction, this article focuses on the quantification of both environmental and financial impacts generated by the introduction of an external agPS system in a medium size airport. The considered test case is the International bologna airport, located in Northern Italy. The airside is characterized by a single runway (rWy 12/30 IcaO cODe 4, 2,803 m in length and 45 m in width), 11 taxiways and two apron areas (Fig. 10) named area m (92,500 m 2 and 16 parking spaces) and area W (63,000 m 2 and 13 parking spaces). bologna airport is connected with 99 national and international destinations, served by 48 airlines (Sab spa, 2014 data). In 2014, the airport passenger traffic counted over 6,500,000 passengers. Narrow body aircrafts -97% of the 67,257 movements registered in 2014 -characterize the fleet mix (Sab spa, 2014). as for the environmental impacts, Table 1 reports the estimated cO 2 current emissions at the airport due to several sources (Postorino & mantecchini [7] ).
Following the methodological framework described in Section 3, two scenarios have been considered. The first one refers to the current taxi-out procedure. The second one simulates the use of the Taxibot for an alternative taxi-out procedure, which is expected to reduce environmental and financial impacts. The parameters to perform this comparison have been provided by the airport of bologna. Table 2 shows the lTO cO 2 emissions by phase due to 30,475 lTO cycles in the current scenario. The total amount is equal to 54,991 tonnes (bologna airport, 2013) -22% comes from taxi-out procedures. Due to the decentralized position of the aprons with respect to the runway heads (Fig. 10) , the Taxibot contribution in the new scenario takes into account only a part of the whole airport movements. Particularly, only 18,589 taxi-out procedures -referring to 61% of air traffic (2013 data) -have been considered to perform the analysis (see Table 4 ). Furthermore, such simulation choice depends on the assumption that not all airlines could decide to use the Taxibot and the investments required to substitute all the operating conventional tractors with the Taxibot in a unique step could be too high for the airport.
as depicted in Fig. 5 , the fuel consumption based on aircraft engine running time -that is, the fuel consumption due to actual use of engines in the movement area -has been evaluated for the current and the new scenario. The aircraft self-performed taxi-out time has been added to the estimated warm-up time. looking at recorded taxiing times, starting from different airport aprons (Table 3) , the total amount of time spent in taxiing during 2013 was equal to 2,924 h.
In the suggested Taxibot scenario, the estimated self-performed taxi-out time for an aircraft is equal to 2 min, which is the average time needed to reach the runway head from the detachment point, and the additional warm-up time is assumed equal to 1 min.
Taking into account warm-up time and self-performed taxiing time in the Taxibot scenario, the total taxiing time amounts to 929.5 h (corresponding to 18,590 taxi-out operations). Starting from the previous data, the aircraft taxiing fuel consumption is currently equal to 3,857,455 l while the introduction of the Taxibot reduces such consumption to 1,226,172 l, due to the reduction in main aircraft engine use. according to these data and emission factors, cO 2 emissions will drop from the current 12,190 tonnes to 3,875 tonnes, calculated by using the burned fuel litres and the jet fuel emission factor, 3,16 kg/l (Source: IPcc, 1999).
The other source of contribution to cO 2 emission comes from conventional pushback tugs, which has been estimated as described in Section 3 and currently produces 78,467 kg/ year of cO 2 .
Taxibot cO 2 emissions have been estimated by considering the operating time during one year and the engine characteristics. The overall operating time -referring to 2013 traffic data -amounts to almost 2,868 h ( Table 4 ). The hourly diesel fuel consumption to handle a narrow body aircraft is equal to 22.7 l/h. Therefore, the required fuel amounts to 65,104 l. With a diesel emission factor of 2.67 kg cO 2 /l (Source: U.S. environmental Protection agency [20] ), the total amount of cO 2 produced by Taxibot operations is 174 tonnes/year. The values in brackets in Tables 5 and 6 have been obtained by adding the cO 2 emissions from taxi-out procedures, which even in the simulated Taxibot scenario are usually performed without using the Taxibot. The values in Table 5 show the significant reduction of cO 2 produced during taxi-out operations. The whole cO 2 emission generated at bologna airport from different sources is currently equal to 101,428,935 tonnes/year ( Table 1 ). The Taxibot introduction could lead to an 8.1% decrease in the overall emission amount.
as for the financial aspects, the fuel saving for each airline operating at the test airport has been estimated by using eDmS, which incorporates all aircraft engine emission data contained in the most recent version of the International civil aviation Organization's (IcaO) engine exhaust emissions databank. by considering the movement data for the reference year (2013), the amount of jet fuel saved with the Taxibot introduction at bologna airport has been estimated as more than 2.5 million l per year (Table 6) .
To estimate airline cost saving obtained with the Taxibot introduction at bologna airport, data on fuel costs are needed. Fuel costs are published by the International air Transport association (IaTa) (http://www.iata.org/publications/economics/fuel-monitor/Pages/priceanalysis.aspx) and here an average value of 150 cts/gal (US cents per gallon) -corresponding to about 0.396 USD/l (October 2015 data) -has been considered. The estimated fuel saved in the lTO cycle amounts to 2,631,283 l and then the estimated cost saving is 1,042,667 USD, as shown in Table 7 . 5 cONclUSIONS In this article, an innovative external agPS for aircraft taxiing operations -named Taxibothas been studied to verify how a better integration of handling vehicles and aircraft during usual airport procedures -taxi-out in particular -could benefit local communities and air transport actors. Particularly, both fuel consumption and local environmental emissions of gHgs have been considered. The study has been performed in a mid-size eU regional airport and the tested agPS has been applied to a fleet mix mainly composed of narrow body aircraft.
To verify the potential benefits of such system, two scenarios have been considered and simulated, that is, the current one and the Taxibot scenario. The considered potential benefits refer to the reduction in carbon dioxide emissions due to taxiing operations and the financial benefits in terms of saved fuel for airlines. The results proved that the introduction of this system, and then a better integration between towing tugs and aircraft during taxi-out procedures, leads to environmental benefits for local communities and financial benefits for airlines.
Further developments will be the simulation of different scenarios, by considering different airside layout and different fleet mix. In addition, the analysis may be extended to take into account other environmental impacts (noise and other atmospheric emissions) and financial aspects for airport operators other than airlines.
